Purpose: This study seeks to explore whether chemical exchange saturation transfer (CEST) magnetic resonance imaging (MRI) can detect liver composition changes between after-meal and over-night-fast statuses. Procedures: Fifteen healthy volunteers were scanned on a 3.0-T human MRI scanner in the evening 1.5-2 h after dinner and in the morning after over-night (12-h) fasting. Among them, seven volunteers were scanned twice to assess the scan-rescan reproducibility. Images were acquired at offsets (n=41, increment=0.25 ppm) from −5 to 5 ppm using a turbo spin echo (TSE) sequence with a continuous rectangular saturation pulse. Amide proton transfer-weighted (APTw) and GlycoCEST signals were quantified with the asymmetric magnetization transfer ratio (MTR asym ) at 3.5 ppm and the total MTR asym integrated from 0.5 to 1.5 ppm from the corrected Z-spectrum, respectively. To explore scan time reduction, CEST images were reconstructed using 31 offsets (with 20 % time reduction) and 21 offsets (with 40 % time reduction), respectively. Results: For reproducibility, GlycoCEST measurements in 41 offsets showed the smallest scanrescan mean measurements variability, indicated by the lowest mean difference of −0.049 % (95 % limits of agreement, −0.209 to 0.111 %); for APTw, the smallest mean difference was found to be 0.112 % (95 % limits of agreement, −0.698 to 0.921 %) in 41 offsets. Compared with after-meal, both GlycoCEST measurement and APTw measurement under different offset number decreased after 12-h fasting. However, as the offsets number decreased (41 offsets vs. 31 offsets vs. 21 offsets), GlycoCEST map and APTw map became more heterogeneous and noisier. Conclusion: Our results show that CEST liver imaging at 3.0 T has high sensitivity for fasting.
Introduction
Chronic liver diseases, including simple steatosis (SS), nonalcoholic steatohepatitis (NASH), and liver fibrosis are major public health problems worldwide [1] . To date, noninvasive diagnostic tests clinically available are not yet sensitive or specific enough to detect non-symptomatic liver injury at early and sometimes intermediate stages. The diagnostic value of liver function examinations, serological tests of specific serum biomarkers, and liver stiffness measurement by ultrasound or by magnetic resonance imaging (MRI) in evaluation of liver fibrosis is still under investigation and validation [2] [3] [4] [5] [6] . Liver biopsy is invasive and associated with potential complications, sampling variability, and high level of interpretation variation [7, 8] . A noninvasive and quantitative technique for assessing liver fibrosis and monitoring disease progression or therapeutic intervention is highly desirable.
Chemical exchange saturation transfer (CEST) represents a novel MRI contrast mechanism [9] [10] [11] [12] [13] . CEST MRI has the advantage of high specificity to certain low-concentration biochemistry components such as protein [9, 10] , glycosaminoglycan (GAG), glycogen [14] , glutamate [15] , and glucose [16, 17] . The pH-based amide proton transfer (APT) effect was first demonstrated in the rat brain during several physiological alterations in 2003 by Zhou et al. [10] . After this, the protein content-based APT-weighted (APTw) contrast was successively produced in the rat 9 L gliosarcoma model and in patients with brain tumors [9, [18] [19] [20] . In 2007, van Zijl et al. proposed the principle of endogenous glycogen CEST (GlycoCEST) imaging and demonstrated that glycogen in the excised perfused mouse liver was detectable at 4.7 T [14] . In 2008, Ren et al. [21] demonstrated the distribution of glucose in livers using an exogenous paramagnetic CEST sensor, also on perfused mouse liver at 4.7 T. Recently, Sagiyama et al. [22] for the first time reported the feasibility of in vivo GlycoCEST imaging in mice at 9.4 T, and the observed temporal change in the MTR asym at 1.25 ppm was suggested to reflect the alteration of hepatic glycogen levels by fasting and/or refeeding. Bawden et al. [23] reported that PRESS-CEST spectroscopy for simultaneously measuring local glycogen and lipid levels.
The feasibility of GlycoCEST imaging for in vivo liver has not been demonstrated at relatively lower magnetic field strengths for clinical scanners, such as 1.5 and 3 T, where the GlycoCEST MR signal supposes to be much lower than at dedicated ultra-high field MRI scanner for research. Meanwhile, the GlycoCEST signal at clinical field strength is more likely contaminated by direct saturation (DS) of water and other CEST pools resonating at proximate frequencies due to the smaller absolute chemical shift. The reproducibility of GlycoCEST imaging for liver is crucial for its potential use as a reliable clinical imaging biomarker, but has not yet been well examined so far. The purpose of this study was to compare the measurements of liver APTw and GlycoCEST effects at over-night fasting status and postmeal status, as well as the impact of different offset number (41 vs. 31 vs. 21) on liver APTw and GlycoCEST measurements.
Materials and Methods

Study Subjects
The study was approved by the local human research ethics committee, and informed consent was obtained from all individual participants included in the study. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. A total of 15 volunteers were recruited in this study (8 males and 7 females; mean age, 32 years; age range, 25-52 years). All subjects were clinically healthy, with no liver disease history or alcoholism. Each volunteer underwent scan at two time points: 1.5-2 h post-dinner and overnight (12-h) fasting. In order to test the scan-rescan reproducibility of GlycoCEST and APTw MR imaging, 7 out of 15 volunteers underwent scan twice additionally in the morning after light breakfast with a time interval of 7 days.
MR Data Acquisition
MRI data were scanned using a Philips Achieva 3 T scanner (Philips Healthcare, Best, the Netherlands). An 8-channel cardiac coil was used as the signal receiver, and a body coil was used as radiofrequency transmitter. After conventional T2 weighted images to localize the anatomy with turbo spin echo (TSE) factor=54; TR (time of repetition)/TE (time of echo) =1236 ms/ 70 ms; field of view (FOV)=320×320 mm 2 
Z-spectrum Analysis
Data analysis was performed using home-developed Matlab (MathWorks, Natick, MA, USA) programs. The Z-spectrum was first least-square fitted by a 12th-order polynomial model and interpolated to a finer resolution of 0.001 ppm in each voxel. The actual water resonance was assumed to be at the frequency associated with the lowest intensity of the fitted Z-spectrum. To correct for the field inhomogeneity ΔB 0 , the interpolated Zspectrum was shifted to the 0 ppm of the offset axis. The magnitude of the CEST effect was quantified as a magnetization transfer asymmetry ratio (MTR asym ):
where ΔΩ is the shift difference between irradiation frequency and the water resonance, S and S 0 donate the saturated and nonsaturated image intensities. The MTR asym at 3.5 ppm was quantified as APTweighting (APTw) value and the mean MTR asym in the frequency range ΔΩ=0.5 to 1.5 ppm was quantified as GlycoCEST value by referring to the reported 1H MR spectrum peaks of liver Glycogen ranging from 3.25 to 3.94 ppm (water resonance at 4.7 ppm) at 3 T [25] . The voxel-wise coefficient of determination R 2 was also calculated to evaluate the goodness-of-fit of Z-spectrum fitting. The voxel which showed relatively poor goodness-of-fit (R 2 G0.95) were excluded from analysis, thereby excluding the artifacts and blood vessels.
To explore the possibility of reducing the offset number to shorten scan time, specific offsets were retrospectively excluded manually in the Z-spectrum analysis. As shown in Fig. 1 , in 31 offsets, 10 offset points (±1.75, ±2.25, ±2.75, ±4.25, and ±4.75 ppm) were excluded from the original 41 offsets. The offsets around 3.5 and 0.5-1.5 ppm were retained in order to ensure the accuracy of the GlycoCEST and APTw calculation. In 21 offsets, every other offset point was excluded from the original 41 offsets until half of the offset points were eliminated. After excluding the specific offsets from the original 41 offsets, 31 offsets (0, ±0.25, ±0.5, ±0.75, ±1, ±1.25, ±1.5, ±2, ±2.5, ±3, ±3.25, ±3.5, ±3.75, ±4, ±4.5, and ±5 ppm) and 21 offsets (0, ±0.5, ±1, ±1.5, ±2, ±2.5, ±3, ±3.5, ±4, ±4.5, and ±5 ppm) were used in the Z-spectrum analysis and CEST map generation. The data acquisition time was 4:48 min for 41 offsets, and theoretically 3:58 min for 31 offsets, and 2:58 min for 21 offsets, respectively.
The data were analyzed by one Radiology trainee with more than 3 years' experiences reading abdominal MRIs. Five ROIs of approximately 200-300 mm 2 were manually placed on liver parenchyma region of T2 weighted anatomical images excluding observable artifacts and blood vessels, and then transferred onto the GlycoCEST image and APTw maps (Fig. 2) . The mean value of 5 ROIs was regarded as the liver GlycoCEST and APTw value for the subject. To analyze the CEST image difference in different offset number, the GlycoCEST image and APTw maps generated by 31 offsets and 21 offsets were also reconstructed. Same ROIs were copied onto the CEST maps of the same subject to measure the MTR asym value in different offset number.
Statistic Analysis
Data were presented as mean±standard deviation. Wilcoxon signed ranks test was used for MTR asym value comparison in different status and offset number. Scan-rescan reproducibility was tested using intraclass correlation coefficient (ICC) and Bland-Altman analysis. According to Fleiss, ICC values90.75 represent a good agreement, and ICC values between 0.4 and 0.75 represent fair to moderate agreement [26] . Agreement of MTR asym value measurements using different offset points were also evaluated by ICC. Bland-Altman analysis was performed with home-developed Matlab (MathWorks, Natick, MA, USA) program, all other statistical analyses were carried out using SPSS version 20.0 (SPSS Inc. Chicago, IL, USA). A p value G0.05 was defined as statistical significance.
Results
Liver GlycoCEST and APTw MR Scan-Rescan Reproducibility
For GlycoCEST, the ICC value for 41 offsets, 31 offsets, and 21 offsets was 0.758, 0.506, and 0.459, respectively (Table 1) , while for APTw the ICC value for 41 offsets, 31 offsets, and 21 offsets was 0.835, 0.570, and 0.408, respectively ( Table 1 ). The scan-rescan mean differences of GlycoCEST and APTw values are shown in BlandAltman plots (Fig. 3) . For GlycoCEST, the smallest scanrescan mean measurements variability was shown in 41 offsets, indicated by lowest mean difference of −0.049 % (95 % limits of agreement, −0.209 to 0.111 %). For APTw, the smallest mean difference was found to be 0.112 % (95 % limits of agreement, −0.698 to 0.921 %) in 41 offsets. These results show that liver CEST MRI with 41 offsets offered good scan-rescan reproducibility, while liver CEST MRI with 31 offsets and 21 offsets showed less satisfactory reproducibility. In addition, results obtained with 31 offsets Fig. 1 The 41, 31, and 21 offset schemes used in the Z-spectrum analysis and CEST map generation.
and 21 offsets did not show a recognizable trend of measurement shift pattern (Fig. 5d) .
Liver GlycoCEST and APTw MR at Post-Meal and Post-Fasting
The results of post-meal and post-fasting GlycoCEST and APTw measurements in 15 subjects are given in Table 2 
Discussion
Conventional MR cannot detect diffused liver diseases, or the liver parenchyma exhibit only subtle, nonspecific heterogeneity. A number of MR imaging techniques have been investigated to assess early liver parenchyma fibrosis, including T 1 rho imaging [24, [27] [28] [29] [30] [31] , tagged MRI assessing liver strain [32] , MR elastography [33, 34] , and intravoxel incoherent motion (IVIM) technique [35, 36] . Our current study for the first time evaluated the feasibility of CEST imaging of in vivo liver at the clinical field strength of 3 T, demonstrating the difference between over-night fast and post-meal statuses. Consistent well with the previous in vivo liver GlycoCEST studies [22, 23] , positive GlycoCEST MTR asym was observed after dinner, and GlycoCEST MTR asym reduced considerably after 12 h fasting. This reduction of GlycoCEST MTR asym after fasting is believed at least partially to reflect the reduction of hepatic glycogen levels, and such constitute a proof-of-concept of CEST imaging clinically. We previously showed that T 1 rho relaxation time may be a sensitive imaging biomarker for liver fibrosis [28] . However, T 1 rho did not show difference livers before breakfast and after dinner [24] . Our results in this study may incur that CEST imaging may be even more Besides the GlycoCEST effect, positive MTR asym at 3.5 ppm was also observed in human livers. Although this MTR asym was termed as APTw by convention due to its Zspectrum location at 3.5 ppm in the study, the chemical component source and mechanism attributed to this MTR asym may be complicated. Particularly, this MTR asym may be contaminated with the nuclear Overhauser enhancement (NOE) effect upfield at −3.5 ppm from the water resonance due to various mobile to less mobile molecules [37] [38] [39] or even with the pseudo NOE signal if the fat suppression is not used [40] . Ceramides (Cers) might be postulated to contribute to this MTR asym , which are a lipid species that exert biological effects in nonalcoholic fatty liver disease through cellular proliferation, differentiation, and cell death [41] . However, since the fat suppression was applied prior to acquisition, this MTR asym should not be dominated by the contamination of lipid at −3.5 ppm relative to water resonance, the opposite Data are the means and data in parentheses are the range side on Z-spectrum [40] . Therefore, the contribution of possible upfield NOE effects to the MTR asym difference should be small [37, 38] . According to a 500-MHz proton NMR study of Cer and its analogs in deuterated chloroform (CDCl3) at 25°C by Li et al. [42] , −NH in Cers has a chemical shift of ∼6.3 ppm, about 1.6 ppm relative to water (4.7 ppm chemical shift). Considering the lower resonance of 128 MHz at 3 T and the observation of broad baseline positive MTR asym peak above 1.5 ppm (Fig. 6c) , it is possible that -NH has concomitant spill-over effects at higher chemical shifts and induces positive MTR asym . However, despite the benefit of pseudo-NOE effect minimization for APT by using fat suppression, it is also worth noting that fat suppression may induce extra water direct saturation and slightly reduce the general image SNR, and thus, influence MTR asym quantification, in particular for GlycoCEST as its resonance is so close to water. Consequently, the thorough investigation of the influence of fat suppression on CEST imaging and analysis is yet to be conducted. Acquisition protocol is crucial for CEST studies and needs to be well determined. Ideally, APT and GlycoCEST should be acquired by individually optimized protocols based on their distinctive exchange properties. A same acquisition protocol for both APT and GlycoCEST was used mainly to save the total scan time and avoid the spatial mismatch due to motion, but would definitely compromise the analysis due to the quite different exchange characteristics associated with APT and GlycoCEST. The use of 3 μT saturation strength was adopted from the previous GlycoCEST animal study at 4.7 T [14] and the longest allowable saturation pulse duration of 300 ms was applied to achieve the CEST effects as much as possible. For APTw imaging, several previous studies suggested the optimized saturation strength of 2 μT in the brain to achieve maximum tumor APTw contrast relative to normal tissues although 3 μT saturation strength could achieve even higher absolute APTw signal. Furthermore, by considering the faster proton exchange rate of Glycogen than amide, a slightly higher saturation strength of 3 μT used in this study might be also preferable. Notably, as GlycoCEST effect is closer to the water resonance, the MTR asym values of GlycoCEST could be more likely contaminated by direct saturation and magnetization transfer effects under high power saturation. It was also found (Fig. 6 ) that the saturated signal at −1 ppm was smaller than 10 % of the baseline on the relatively flat Z-spectrum. As such, the predominant direct water saturation and magnetization transfer effects could drastically reduce the quantification accuracy of the small glycoCEST effect. In this aspect, a smaller saturation power should be useful to reduce the direct water saturation and magnetization transfer. Future study on saturation pulse optimization is warranted by investigating how the magnitudes of APTw and GlycoCEST signal change with different saturation powers and durations. An off-resonance spin-lock pulse with short irradiation duration may probably useful to reduce the direct water saturation and give higher sensitivity of GlycoCEST effect. Strategies to shorten the acquisition time while maintain CEST contrast-to-noise ratio should be further investigated [43] [44] [45] [46] . One of the approaches is to reduce the offset number. However, our study demonstrated by reducing the offset number from 41 to 31 and 21 decreased scan-rescan reproducibility, while increased the coefficient of variation. Therefore, the results do not favor the reduction of offset number. It is worth noting that the reduction of offsets was conducted retrospectively, the reduced 31 and 21 offsets may not necessarily present the most optimized protocol for CEST acquisition which was beyond the purpose of the current study.
The measured CEST signal and contrast in tissue may be influenced by many factors, including but not limited to mobile proton content, proton exchange rate, tissue relaxation times, semi-solid magnetization transfer, imaging protocol, as well as quantification method. As mentioned above, the quantification of the CEST effect by using MTR asym , although effective and widely used, could be contaminated by the upfield NOE effect on Z-spectrum. In particular, at relatively low clinical field strengths like 3 T, the intrinsic low CEST signal level and the spill-over effect due to the small absolute chemical shift from water could reduce the accuracy and precision of the MTR asym quantification. In addition, MTR asym quantification is also subject to B 0 and B 1 inhomogeneities. Consequently, we expect that the measured MTR asym for both GlycoCEST and APTw in this study may primarily reflect the comprehensive overall change in liver protein and peptide, and glycogen levels. The individual contribution from each factor needs to be further assessed. Water saturation shift referencing (WASSR) has been proposed for better glycoCEST MTR asym quantification via more accurate B0 mapping [47] . However, its utilization for moving organs like liver might be technically challenging due to motion. Currently, several alternative comprehensive processing approaches have been proposed for better CEST signal analysis [38, 39, [48] [49] [50] . However, these methods can be complicated and may require longer acquisition time, and their usefulness for routine practice remains to be further validated.
Conclusion
In summary, this study has clearly showed both APTw and GlycoCEST MR liver imaging on a clinical 3.0 T system is feasible for human subjects. Both APTw and GlycoCEST MR measurements showed high sensitivity for fasting. To translate CEST MR imaging into a practical tool and thereby positively influence clinical management, technological advancements including acceleration of data acquisition remain to be further exploited [51, 52] .
